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ABSTRACT 

In  t h e  l i q u e f a c t i o n  p r o c e s s e s  under  development  by t h e  N a t i o n a l  Coal 
Board c o a l  e x t r a c t s ,  i n c l u d i n g  s u p e r c r i t i c a l  gas e x t r a c t s ,  a r e  s u b j e c t e d  t o  
c a t a l y t i c  hydroc rack ing .  Thus,  c h a r a c t e r i s a t i o n  of h e t e r o a t o m s  i n  t h e s e  
e x t r a c t s  is impor t an t  f o r  i d e n t i f y i n g  s p e c i e s  which may g i v e  r i s e  t o  c a t a l y s t  
po i son ing .  NMR methods a r e  d e s c r i b e d  f o r  n i t r o g e n  and oxygen group 
de te rmina t ions .  Hydroxyl g roups  i n  e x t r a c t s  may be comple t e ly  s i l y l a t e d  s o  
t h a t  t hey  can bg e s t i m a t e d  from t h e  OSi(CH3)3 band i n  t h e  1 H  NMR spectrum. 
The s o l u b i l i t y  o f  benzene - inso lub le  f r a c t i o n s  is a l s o  s i g n i f i c a n t l y  i n c r e a s e d  
by s i l y l a t i o n  so t h a t  t hey  can be e a s i l y  s t u d i e d  by NMR. 
p rov ides  a magnet ic  l a b e l  for hydroxyl  v i a  r e a g e n t s  s u c h  as h e x a f l u o r o a c e t o n e ,  
and may a l low i d e n t i f i c a t i o n  o f  d i f f e r e n t  environments  f o r  s u c h  g roups .  1% 
N M R  is s u i t a b l e  f o r  c h a r a c t e r i s i n g  non-phenol ic  oxygen g roups ,  s i n c e  t h e  
r e sonances  of carbon i n  ca rbony l  and a romat i c  e t h e r  g roups  are we l l  s e p a r a t e d .  
Basic  n i t r o g e n  can  be s t u d i e d  by 1 H  and 19F NMR v i a  hydrogen-bonding i n t e r -  
a c t i o n s  wi th  model pheno l s  s u c h  as 2,6-xylenol  and p - f luo ropheno l .  
n i t r o g e n ,  l a b e l l i n g  w i t h  19F, u s i n g  e .g .  t r i f l u o r o a c e t y l  i m i d a z o l e ,  shows 
promise.  

The 19F n u c l e u s  

For n e u t r a l  

1. INTRODUCTION 

S u p e r c r i t i c a l  g a s  (SCG) e x t r a c t i o n  o f  c o a l  w i th  a r o m a t i c  s o l v e n t s ,  such as 
t o l u e n e ,  a t  t e m p e r a t u r e s  around 690 K and p r e s s u r e s  of abou t  200 bar (1) 
g i v e s u p  t o  50% d .a . f .  c o a l  as a homogeneous e x t r a c t ,  which is t h e n  s u b j e c t e d  t o  
c a t a l y t i c  hydroc rack ing  t o  produce l i q u i d  p r o d u c t s .  C h a r a c t e r i s a t i o n  o f  
heteroatoms i n  t h e  e x t r a c t  is i m p o r t a n t  i n  h e l p i n g  t o  i d e n t i f y  s p e c i e s  which 
may c o n t r i b u t e  t o  c a t a l y s t  po i son ing .  

E s t a b l i s h e d  t i t r i m e t r i c  methods f o r  hydroxyl  g r o u p  (2,3) and b a s i c  n i t r o g e n  
group (4 ,5 )  d e t e r m i n a t i o n s  are of g r e a t  va lue  i n  s t r u c t u r a l  c h a r a c t e r i s a t i o n  
o f  e x t r a c t s .  There a r e ,  however,  no e s t a b l i s h e d  p r o c e d u r e s  f o r  t h e  measurement 
oi' non-hydroxyl ic  f u n c t i o n s  o r  n e u t r a l  n i t r o g e n  f u n c t i o n s .  We d e s c r i b e  h e r e  
ou r  a t t e m p t s  t o  compliment and ex tend  e x i s t i n g  f u n c t i o n a l  g roup  methods by 
u t i l i s i n g  t h e  NMR s p e c t r o s c o p i c  methods which a r e  summarised i n  Tab le  1. 
Hydroxyl groups have been de te rmined  by 'H and I 9 F  s p e c t r o s c o p y  f o l l o w i n g  
d e r i v a t i s a t i o n  wi th  t r i m e t h y l s i l y l  ( g r o u p s )  and a d d u c t i o n  w i t h  hexa f luo roace tone  
(HFA). Non-hydroxyl g roups  have been de te rmined  d i r e c t l y  from 13C NMR 
spec t roscopy .  Bas i c  n i t r o g e n  g roups  have been e s t i m a t e d  from t h e i r  i n t e r a c t i o n  
wi th  2 ,6 -xy leno l  by o b s e r v i n g  t h e  changes i n  t h e  -OH chemica l  s h i f t .  
P re l imina ry  r e s u l t s  u s i n g  a n  a l t e r n a t i v e  I 9 F  NMR method w i t h  p-f luorophenol  
have been o b t a i n e d .  D e r i v a t i s a t i o n  wi th  t r i f l u o r o a c e t y l  i m i d a z o l e ,  which a c t s  
as an I 9 F  magnet ic  l a b e l ,  is unde r  i n v e s t i g a t i o n  as a p o s s i b l e  r o u t e  f o r  
e s t i m a t i n g  n e u t r a l  n i t r o g e n  d i r e c t l y .  
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2 .  EXPERIMENTAL 

The sCG e x t r a c t s  were f r a c t i o n a t e d  by s o l v e n t  s e p a r a t i o n  and s i l i c a  gel  
a d s o r p t i o n  chromatography,  as p r e v i o u s l y  d e s c r i b e d  ( 6 ) .  
me thy la t ed  a s p h a l t e n e s  ( p r e p a r e d  by t h e  method used  by L i o t t a  ( 7 ) )  were s e p a r a t e d  
by S t e r n b e r g ' s  a c i d / b a s e  p rocedure  (8). S i l y l a t i o n  o f  t h e  e x t r a c t  f r a c t i o n s  
w a s  c a r r i e d  o u t  as p r e v i o u s l y  ( 9 ) ,  and HFA a d d u c t s  o f  some a s p h a l t e n e  f r a c t i o n s  
were p repa red  by b u b b l i n g  t h e  g a s  i n t o  e t h y l  a c e t a t e  s o l u t i o n s  (10). 
t r i f l u o r o a c e t y l  e s t e r s  of c a r b a z o l e  and i n d o l e  were p r e p a r e d  by warming a t  
8OoC i n  p y r i d i n e  w i t h  t r i f l u o r o a c e t y l  imidazo le  f o r  30 minu tes .  

Aspha l t enes  and 

Also,  

'H NMR s p e c t r a  were o b t a i n c d  a t  60 and 220 MHz u s i n g  Perkin-Elmer R 2 4 B  
and R34 i n s t r u m e n t s  r e s p e c t i v e l y .  
s i l y l a t e d  e x t r a c t  f r a c t i o n s  were added t o  0 .2  molar 2 ,6 -xy leno l  i n  carbon 
t e t r a c h l o r i d e ,  and changes  i n  t h e  hydroxy l  chemica l  s h i f t  were obse rved .  
NMR s p e c t r a  were o b t a i n e d  a t  45 MHz i n  chloroform-d u s i n g  a Bruker !hM 180WB 
i n s t r u m e n t  unde r  e x p e r i m e n t a l  c o n d i t i o n s  which have been shown t o  y i e l d  
q u a n t i t a t i v e  data (11). 
Bruker  WH90 i n s t r u m e n t ;  f u r f u r y l  a l c o h o l  was used a s  an e x t e r n a l  s t a n d a r d  f o r  
d e t e r m i n a t i o n  of -OH c o n t e n t s  from t h e  s p e c t r a  o f  HFA a d d u c t s .  The p rocedure  
d e s c r i b e d  by Gurka and T a f t  (12)  was fol lowed f o r  s t u d y i n g  b a s i c  n i t r o g e n  u s i n g  
0.01 molar  p - f luo ropheno l  where 0 - f l u o r o a n i s o l e  is employed as an i n t e r n a l  
s t a n d a r d .  

F o r  t h e  I H  NMR s t u d i e s  of b a s i c  n i t r o g e n ,  

19F NMR s p e c t r a  were o b t a i n e d  a t  84.6 MHz u s i n g  a 

Basic n i t r o g e n  c o n t e n t s  were a l so  determined by non-aqueous p o t e n t i o m e t r i c  
t i t r a t i o n  ( 4 , 5 )  and a c i d i c  hydroxy l  c o n t e n t s  were measured by e n t h a l p i m e t r i c  
t i t r a t i o n  ( 3 , 6 ) .  Gas ch romatograph ic  a n a l y s i s  w a s  c a r r i e d  o u t  on t h e  
t r i f l u o r o a c e t y l  e s t e r s  o f  i n d o l e  and c a r b a z o l e .  

3. RESULTS AND DISCUSSION 

3.1 Hydroxyl Oxygen 

The hydroxyl  c o n t e n t s  de t e rmined  from t h e  i n t e n s i t y  of t h e  -OSi(CH3)3 
band i n  t h e  IH NMR s p e c t r a  of  e x t r a c t  f r a c t i o n s  were i n  r e a s o n a b l e  agreement  
wi th  t h e  v a l u e s  o b t a i n e d  by e n t h a l p i m e t r i c  t i t r a t i o n  ( s e e  Tab le  2 ) ,  i n d i c a t i n g  
t h a t  a l l  t h e  hydroxy l  g roups  i n  t h e  e x t r a c t s  have been s i l y l a t e d .  In a d d i t i o n ,  
s i l y l a t i o n  g i v e s  a s i g n i f i c a n t  enhancement of' e x t r a c t  s o l u b i l i t y  ( 9 ) .  The 
p resence  o f  non-ac id i c  ( a l c o h o l i c )  hydroxy l  g roups  was d i scoun ted  s i n c e  t h e r e  
was no ev idence  of -0CH2 re sonances  i n  t h e  13C NMR s p e c t r a .  
l H  NMR spectrum o f  t h e  s i l y l a t e d  benzene - inso lub le s  from an SCG e x t r a c t  of' 
bi tuminous c o a l .  
from t h e  o t h e r  a l i p h a t i c  r e s o n a n c e s ,  h a s  a maximum a t  0.3 ppm wi th  a broad 
s h o u l d e r  e x t e n d i n g  t o  -1 ppm i n d i c a t i v e  of' t h e  p re sence  of b o t h  unhindered 
(meta- and p a r a - s u b s t i t u t e d )  and h i n d e r e d  ( o r t h o - s u b s t i t u t e d )  p h e n o l i c  g roups  
(13) .  Unlike t h e  s p e c t r a  of S y n t h o i l  p r o d u c t s  (14). no s p l i t t i n g  of t h e  
-OSi(CH3)3 band w a s  observed a t  220 MHz. The two s h a r p  peaks  between 0 and 0.2 
ppm are a t t r i b u t a b l e  t o  a l i t t l e  hexamethy ld i s i loxane  ( h y d r o l y s i s  p r o d u c t )  and 
s i l y l a t i n g  r e a g e n t  ( h e x a m e t h y l d i s i l a z a n e ) .  Me thy la t ion  ( 7 )  and a c e t y l a t i o n  (15 )  
a r e  a l t e r n a t i v e s  t o  s i l y l a t i o n  f o r  measurement of hydroxyl  g roups ,  b u t  bo th  
t h e s e  methods have much l o n g e r  p r e p a r a t i o n  t imes  ( 1 day)  t h a n  s i l y l a t i o n  
( 1-2 h o u r s ) .  
methylene r e sonances  between 3 .4  and 4 . 2  ppm i n  c o a l  e x t r a c t s  ( 6 ) .  

F i g u r e  1 is t h e  

I t  shows t h a t  t h e  -OSi(CH3)3 band, which is w e l l  s e p a r a t e d  

Also,  t h e r e  is an o v e r l a p  of' -OCH3 r e sonances  wi th  r i n g - j o i n i n g  

S i l y l a t i o n ,  which g i v e s  a r e l i a b l e  measure of t h e  t o t a l  hydroxy l  c o n t e n t ,  
p r o v i d e s  l i t t l e  i n f o r m a t i o n  o n  t h e  d i s t r i b u t i o n  o f  hydroxyl  g roups .  On t h e  
o t h e r  hand,  HFA a d d u c t s  c o n s i d e r a b l y  less t h a n  h a l f  t h e  t o t a l  number of 
hydroxy l  g r o u p s  ( s e e  T a b l e  2 ) ,  b u t  g i v e s  a good s e p a r a t i o n  i n  t h e  I9F NMR 
s p e c t r a  between h inde red  and unh inde red  p h e n o l i c  hydroxyl  groups.  The ev idence  
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ob ta ined  so f a r  s u g g e s t s  t h a t  t h e r e  a r e  s imi la r  numbers of h inde red  and 
unhindered g roups  i n  an a s p h a l t e n e  SCG e x t r a c t  f r a c t i o n  of a b i tuminous  c o a l .  

3 .2  Non-Hydroxyl Oxygen 

c NMR spec t roscopy  i s  p a r t i c u l a r l y  u s e f u l  for  a s s e s s i n g  t h e  environments  
of non-hydroxyl g roups  because  t h e  r e sonances  due t o  c a r b o n y l  g r o u p s ,  which l i e  
between 170 and 210 ppm, are we l l  s e p a r a t e d  from t h o s e  due t o  a r o m a t i c  e t h e r s  
(148-168 ppm) and a l i p h a t i c  e t h e r s  (55-70 ppm) (161 ,  a l t h o u g h  t h e  r e sonances  
of a romat i c  e t h e r  g roups  p a r t i a l l y  o v e r l a p  wi th  t h o s e  o f  p h e n o l i c  hydroxy l  
groups (148-158 pprn). F i g u r e  2 shows t h a t  no ca rbony l  and a l i p h a t i c  e t h e r  
r e sonances  a r e  d i s c e r n i b l e  i n  t h e  spec t rum of t h e  a s p h a l t e n e  f r a c t i o n  of an 
SCG e x t r a c t  o f  b i tuminous  c o a l ,  b u t  t h e  d i s t i n c t  band between 158 and 168 ppm 
is S o l e l y  a t t r i b u t e d  t o  a romat i c  e t h e r  groups.  
i n t e g r a t i o n  of t h e  CAR-0 band between 148 and 168 ppm, t h e  a r o m a t i c  e t h e r  
groups were e s t i m a t e d  t o  accoun t  f o r  30% of t h e  t o t a l  oxygen c o n t e n t  i n  SCG 
e x t r a c t s  o f  b i tuminous  c o a l .  

13 

From s i l y l a t i o n  and 

3.3 Bas ic  Ni t rogen  

The changes obse rved  i n  t h e  p o s i t i o n  o f  t h e  hydroxyl  band i n  t h e  'H NMR 
spectrum o f  0 .2  molar  2 ,6 -xy leno l  when ( a )  model compounds and ( b )  s i l y l a t e d  
Coal e x t r a c t s  were added are shown i n  Tab le  3. L inea r  p l o t s  o f  t h e  
c o n c e n t r a t i o n  o f  t h e  b a s i c  s p e c i e s  a g a i n s t  s h i f t  in t h e  spec t rum were found up 
t o  a c o n c e n t r a t i o n  of' abou t  0.15 molar of t h e  b a s i c  s p e c i e s  and t h e  v a l u e s  
shown i n  Table  3 were t aken  from t h o s e  g raphs .  A similar c o r r e l a t i o n  was 
found by Tewari e t  a1 ( 1 7 )  who used o-phenyl pheno l ,  b u t  i n  t h e  p r e s e n t  work 
2,6-xylenol  was p r e f e r r e d  because i t  g i v e s  a s h a r p  hydroxy l  r e sonance  i n  CCl4. 
The hydroxyl  chemica l  s h i f t  of 2 ,6-xylenol  on  its own rema ins  c o n s t a n t  a t  
4 .3  ppm for c o n c e n t r a t i o n s  0.2 mola r ,  which i n d i c a t e s  t h a t  hydrogen bonding 
of 2 ,6-xylenol  i t s e l f  c e a s e s  t o  b e  s i g n i f i c a n t  a t  t h e s e  c o n c e n t r a t i o n s .  Fo r  
t h e  SCG e x t r a c t  f r a c t i o n s  p r i o r  s i l y l a t i o n  w a s  r e q u i r e d  to p r e v e n t  exchange o f  
hydroxyl  hydrogen between t h e  e x t r a c t  and 2.6-xylenol .  

The r e s u l t s  o f  t h e  s t u d i e s  on m o d e l  compounds (Tab le  3 )  show t h a t  l i t t l e  
change i n  chemical  s h i f t  f o r  non-basic s p e c i e s ,  such as d ibenzofu ran  and i n d o l e  
o c c u r s  wh i l e  changes between 0 .8  and 1 . 2  ppm/O.l mole w e r e  o b t a i n e d  fo r  a l k y l  
s u b s t i t u t e d  p y r i d i n e s  and q u i n o l i n e s .  The changes i n  hydroxy l  chemica l  s h i f t  
g e n e r a l l y  i n c r e a s e d  w i t h  i n c r e a s i n g  degree  o f  a l k y l  s u b s t i t u t i o n  and i t  is 
thought  t h a t  d i -  and t r i s u b s t i t u t e d  p y r i d i n e s  are t h e  most r e a l i s t i c  models f o r  
b a s i c  n i t r o g e n  environments  i n  SCti e x t r a c t s .  The changes i n  chemica l  s h i f t  
were found t o  va ry  g r e a t l y  for t h e  s i l y l a t e d  SCG e x t r a c t  f r a c t i o n s  and an  
encouraging c o r r e l a t i o n ,  shown i n  F igu re  3 ,  was o b t a i n e d  w i t h  b a s i c  n i t r o g e n  
c o n t e n t s  de t e rmined  by non-aqueous p o t e n t i o m e t r i c  t i t r a t i o n .  

In an  a l t e r n a t i v e  approach ,  19F NMR was u t i l i s e d  and p r e l i m i n a r y  r e s u l t s  
ob ta ined  w i t h  0.01 molar  p-f luorophenol  s u g g e s t  t h a t  some c o r r e l a t i o n  may e x i s t  
between t h e  I9F chemica l  s h i f t  t i t r a t i o n  c u r v e s  o b t a i n e d  f o r  s i l y l a t e d  SCti 
e x t r a c t  f r a c t i o n  and b a s i c  n i t r o g e n  c o n t e n t .  For model b a s e s ,  t h e  change i n  
19F chemical  s h i f t  r e a c h e s  a maximum v a l u e ,  e . g .  2.5 ppm for p y r i d i n e ,  when 
l a r g e  c o n c e n t r a t i o n s  ( 0 . 4  mola r )  have been added. However, f o r  e x t r a c t  
f r a c t i o n s ,  t h i s  maximum v a l u e  canno t  be measured d i r e c t l y  because  of t h e i r  
l i m i t e d  s o l u b i l i t y  i n  CCl4, and t h e r e f o r e  in fo rma t ion  h a s  t o  be d e r i v e d  from 
t h e  t i t r a t i o n  c u r v e s  o b t a i n e d  f o r  l o w  ( 0 . 2  mola r )  e x t r a c t  c o n c e n t r a t i o n s .  

To i s o l a t e  b a s i c  f r a c t i o n s  f o r . t h e  s t u d i e s  d e s c r i b e d  above,  S t e r n b e r g ' s  
a c i d / b a s e  p rocedure  (8) was employed f o r  t h e  a s p h a l t e n e s  o f  a b i tuminous  coa l  
SCG e x t r a c t .  T h i s  gave 60% b a s e s  which i s  s i g n i f i c a n t l y  l a r g e r  t h a n  t h e  
m o u n t s  t hough t  t o  be p r e s e n t  by t h e  -OH chemical  s h i f t  method ( 30%) and by 
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non-aqueous p o t e n t i o m e t r i c  t i t r a t i o n  ( 20%).  
c h l o r i d e  s a l t  s u g g e s t e d  t h a t  n o t  e v e r y  molecule c o n t a i n e d  a b a s i c  n i t r o g e n  
group.  T o  h e l p  t o  r e s o l v e  t h i s  i s s u e ,  m e t h y l a t e d  a s p h a l t e n e s  were s e p a r a t e d  
by t h e  same a c i d / b a s e  p r o c e d u r e ,  b u t  on ly  20% of bases  was o b t a i n e d ,  i n d i c a t i n g  
t h a t  the a c i d / b a s e  p r o c e d u r e  is i n a p p r o p r i a t e  f o r  SCG e x t r a c t s  of b i tuminous  
c o a l s ,  p robably  due t o  t h e  r e l a t i v e l y  low b a s i c  n i t r o g e n  c o n t e n t s  and h i g h  
phenol ic  hydroxyl  c o n t e n t s .  

The a n a l y s i s  of t h e  base-hydro- 

3 . 4  Non-Basic N i t r o g e n  

Recent ly ,  t r i f l u o r o a c e t y l  d e r i v a t i v e s  o f  i n d o l e  and c a r b a z o l e  ( 50% y i e l d )  
have been p r e p a r e d  wi th  t r i f l u o r o a c e t y l  c h l o r i d e  (18). Th i s  is an i m p o r t a n t  
development s i n c e  most non-bas ic  n i t r o g e n  i n  e x t r a c t s  o f  b i tuminous  c o a l  is 
thought  t o  be i n  t h e  form o f  a r o m a t i c  secondary  amines. In t h e  p r e s e n t  work, 
w e  found t h a t  90% of i n d o l e  and c a r b a z o l e  can be  d e r i v a t i s e d  u s i n g  t r i f l u o r o -  
a c e t y l  imidazo le .  I n  an a t t e m p t  t o  measure non-basic n i t r o g e n  i n  SCG e x t r a c t s ,  
m e t h y l a t i o n  p r i o r  t o  e s t e r i f i c a t i o n  w i t h  t h i s  r e a g e n t  and  d e t e c t i o n  by 19F NMR 
is being c a r r i e d  o u t .  

4 .  CONCLUSIONS 

The r e s u l t s  of t h i s  i n v e s t i g a t i o n  d e m o n s t r a t e  t h a t  NMR methods (IH, 1 3 C ,  
1 9 F )  o f f e r  v i a b l e  a l t e r n a t i v e s  t o  e x i s t i n g  t i t r a t i o n  t e c h n i q u e s  f o r  
d e t e r m i n i n g  p h e n o l i c  hydroxyl  and b a s i c  n i t r o g e n  i n  c o a l  e x t r a c t s  and p r o v i d e  
ways fo r  t h e  d i r e c t  measurement of non-hydroxyl and non-basic n i t r o g e n  groups .  
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Tab le  1 Summary o f  NMR Methods f o r  Heteroatoms 

1H 

l g F  

Method 

Obse rva t ion  o f  change i n  hydroxy l  chemical  
s h i f t  of 0.2 molar 2 ,6 -xy leno l  

Observat ion of change i n  chemica l  s h i f t  
o f  0.01 molar p-f luorophenol  

S i l y l a t i o n  1 ::F I Adduction wi th  h e x a f l u o r o a c e t o n e  
Hydroxyl oxygen 

n t h a l p i m e t r y  

Non-hydroxyl oxygen 1 1% 1 Observa t ion  of I 3 C  chemica l  s h i f t s  

S i l y l a t i o n  HFA Adduct ion 

Bas i c  n i t r o g e n  

I I 
I 

E s t e r i f i c a t i o n  w i t h  t r i f l u o r o a c e t y l  
imidazole  I lgF I Neut ra l  n i t r o g e n  

Tab le  2 Hydroxyl Con ten t s  of SCG E x t r a c t  F r a c t i o n s  

F r a c t i o n  

Asphal t e n e s ,  
bi tuminous c o a l  

Benzene-insolubles  , 
bituminous coal 

Acid a s p h a l t e n e s ,  
bi tuminous c o a l  

Aspha l t enes ,  
perhydrous c o a l  

% Hydroxyl 

4.7 I 4 - 6  I N * D *  

N . D .  = Not Determined 
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FIGURE I. IH  NMR SPECTRUM OF SILYLATED BENZENE INSOLUBLES FROM SCG EXTRACT. 
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FIGURE 2. 13C NMR SPECTRUM OF ASPHALTENES FROM SCG EXTRACT. 
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